Modelling challenges in flexible robotic systems complicate controller design. This paper presents the model-free control of a flexible-link robot using a higher order differential feedback controller (HODFC). Controller performance was validated with respect to a classical PID controller. Results show that, whilst the PID controller showed better performance for tracking step and square wave trajectories, the HODFC controller yielded better performance when tracking sine and kane function trajectories. The HODFC controller was also most effective in eliminating the impact of high frequency vibrations from the response of the manipulator.
INTRODUCTION
Compared to rigid-body robots, flexible robotic systems offer several advantages, including better manoeuvrability, faster response times and higher payload-to-weight ratio, etc. [1, 2] . On the other hand, flexible robotic systems present many significant research challenges. For example, an extensive amount of literature reporting challenges of system modelling, model nonlinearities and uncertainties can be easily found [3] [4] [5] [6] [7] [8] [9] . Issues involving model-based controller design; and the subsequent refinements dealing with model nonlinearities, high frequency vibrations, model variations with payload, frictional effects, noise and disturbances have been presented in existing literature [3] [4] [5] [6] [7] [8] [9] . However, the computational burden incurred in the design and implementation of most successful model-based control strategies remain a topical research matter; and in part, has motivated the search for computationally lessintensive controller design methods [10] [11] . As a sequel, the exploration of input-output, input-error or errorbased, model-free, control strategies that are computationally non-intensive, offer attractive alternatives for position control and the elimination of residual vibrations in flexible-link manipulators. Some of the referred model-free strategies can be found in references [11] [12] [13] [14] . In line with the trend of exploring controllers with computationally simple structures, the current paper, explores the use of the input-output based, model-free, high-order differential feedback controllers (HODFC) in the control of a single-link flexible-link robot; and compares the manipulators performance under HODFC control with that, due to classical PI control strategies.
In the rest of the paper, the theory of the HODFC is recollected in section two. A model of the flexible-link manipulator and an affine form, suitable for the design of the HODFC are presented in section three of the paper. Controller design and stability analysis are also included in section three. Controller implementation using the dSPACE rapid prototyping system, together with results presentation and discussion form section four of the paper. The conclusions are presented in section five. Acknowledgements and a list of references conclude the paper.
THEORY OF THE HIGHER ORDER DIFFERENTIAL FEEDBACK CONTROLLER
In this section, we present the theory of the higher-order differential (HOD) system, and discuss the structure of the higher-order differential feedback controller (HODFC).
The Higher Order Differential (HOD) System
Consider the design of a HOD system for the n th -order system given by equation (1); where f(.) satisfies the Lipchitz increasing condition.:
The high order differential system for the given system is an m th -order differential system determined by the two model-independent parameters m and a 0 . Specifically, once the m th ≥ n+1 order of the HOD has been decided, The use of the HOD in feedback controller tuning shall be dwelt upon in section (3.2), after obtaining a representation of flexible-link manipulator, suitable for HODFC implementation.
The Higher-Order Differential Feedback Controller
The high-order differential feedback control strategy is an input-output based controller design method that relies on the separate measurement and successive numerical differentiation of both the input y r (t) and the out y(t) variables of the controlled system. The higher-order differential ((HOD) system is used for the implementation of the requisite differentiation. A typical implementation of the higher order differential feedback controller is a three-stage process. Firstly, an appropriate higher order differentiator (HOD) for the particular problem is designed. Two copies of the HOD system are employed in the controller structure as shown in Figure 1 . The HOD system at the input processes the reference input y r (t) for the required derivates. The second HOD system processes the measurements y(t) to generate estimates of the output and its required derivatives. Then, a model-free pole placement procedure is employed with a filter to complete the HODFC design. The detail procedure is presented in the subsequent parts of the current section of the paper. 
MODELLING OF THE FLEXIBLE LINK MANIPULATOR
A CAD view of the study flexible-link manipulator is shown in Figure 2 . The model of this type of manipulator is well reported in literature [1] [2] [3] [4] [5] [6] [7] . Since the HOFDC control approach is a pseudo-model free control strategy, a detailed presentation of the model is not required in the current paper. The model presented in this paper follows that in reference [15] .
The Langragian L, for the system is given by [15] :
where T is the kinetic energy of the system, V its potential energy, J L is the inertia of the link, J t is the combined inertial of the manipulator and K st is the equivalent spring constant of flexible lin. Also, α is the deflection of the link, θ is the position of the link measure from the drive 
It is shown in [15] that, a manipulation of Equation (7) yields: ; and K m is the back emf constant of the motor. K t is the torque constant of the motor, and η m is the motor efficiency. The model in equation (8) is not suitable for HODFC implementation. To obtain an alternative representation of the system, suitable for HODFC implementation, define:
Then, substitute Equation (10) in Equation (7) to obtain:
and, by the definition of h(t) in Equation (10), we obtain:
Upon substitution of appropriate terms of Equations (11) and (12) in Equation (8), it is easy to show that:
Higher Order Differential Feedback Controller (HODFC) Tuning for the Flexible Link Manipulator
Supposed then, that the affine form of the manipulator model given in Equation (13) is required to track a reference trajectory h r (t). If all derivatives of both the reference trajectory h r (t), and the measured output of the system h(t) are available, then it is straight forward to generate the error variable and its derivatives such that: is Hurwitz. The model-free pole-placement structure in Equation (16) is the first part of the higher order differential feedback controller (HODFC). Note that, the pole placement structure of Equation (16) Where, in Equation (18), a bounded disturbance has been a bounded disturbance has been added. For the complete controller structure, set
and the HODFC controlled system becomes: 
added. For the complete controller structure, set
SYSTEM STUDIES
The implementation of the HOD system, and the subsequent experimentation with the HODFC controller on the nonlinear flexible joint manipulator are presented and discussed in this section.
Implementation of the Higher Order Differential
For the HOD implementation, we selected m=5, a 0 =8; with which equations (3) and (4) were implemented in Simulink. Figure 3 The initial behaviour of the basic HOD realisation is dominated by unwanted rapid transits. Restraints were introduced to modify the HOD structure in Equation (3) into the form of Equation (22), and the improved HOD performance is shown in Figure 4 . 
Controller Implementation
The HODFC controller of the structure shown in Figure 1 was implemented, using the HOD system presented in section (3.1) above. The dSPACE real-time rapid prototyping system was used for the HODFC implementation. The following results were obtained.
Results Presentation and Discussion
The system response to an input kane trajectory under HODFC and PID control are shown in Figures 5.a and 5 .b respectively. The system follows the kane trajectory almost instantaneously under the HODFC. Significant transient error is observed under PID control, and the manipulator took nearly two second to achieve adequate tracking. For a step input trajectory, the response under the two controllers is shown in Figure 6 . Similar transient response times were observed in both cases. PID control led to a marginal improvement in the steady state error, but high frequency oscillations remained in the PID response. Figures 7a and 7 .b present the comparative response when tracking a sine trajectory. Sine trajectory tracking is immediately achieved in the HODFC controlled system. A significant phase lead remained in the response under PID control. Figure 8 show that the HODFC controlled system could not sufficiently track a square wave trajectory. However, high frequency oscillations of the link remained in the PID controller dynamics.
CONCLUSION
It is concluded that, the HODFC controller yielded better system performance when tracking sine and kane function trajectories. The HODFC controller was also most effective in eliminating the impact of disturbances and high frequency vibrations from the response of the manipulator.
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